The shapes of flowers and the cross-compatibility of Curculigo latifolia, which produces a taste-modifying protein, neoculin, were investigated for the purpose of setting fruits in Japan as a resource of neoculin. C. latifolia is an andromonoecious plant, that is, flowers in a lower position in an inflorescence are hermaphrodite with long styles, although flowers in higher positions are staminate with short styles. This shows that 22% of all flowers were hermaphroditic in an inflorescence. By the hand-pollination study, the largest rate of setting C. latifolia fruits was shown by the 5th day from the first flowering. The rates of fruit set were gradually reduced after that day. The number of fruits peaked by the 13th day from first flowering. On the other hand, the rate of fruit setting was shown to be 45% by cross-pollination and 4% by self-pollination. These results indicate that C. latifolia has selfincompatibility. To improve the rate of fruit setting of C. latifolia, it is necessary to pollinate compatible pollen by around the 15th day after the first flowering.
Introduction
The fruit of Curculigo latifolia produces a protein named neoculin (Shirasuka et al., 2004; Yamashita et al., 1990) . Neoculin is approximately 500 times sweeter than sucrose by weight and has unique activity to convert a sour to a sweet taste. When an acid is tasted after ingesting neoculin, the acid enhances the sweetness. This taste-modifying activity of neoculin continues for dozens of minutes in the mouth (Yamashita et al., 1995) . Currently, only two proteins, neoculin and miraculin, are known as taste modifiers. Miraculin, which is produced by miracle fruit (Synsepalum dulcificum, Sapotaceae), is not sweet by itself but elicits sweetness only when an acid is tasted after ingesting miraculin (Theerasilp and Kurihara, 1988) . On the other hand, neoculin is the only protein which has both a sweet taste and taste-modifying activity (Kant, 2005) .
Sugar substitutes are useful and important in low calorie foods for people who are restricting the consumption of carbohydrates for diseases such as diabetes and obesity. Accordingly, some sugar substitutes, such as sucralose and acesulfame K, have been developed and marketed. Since neoculin is not only sweet but also has taste-modifying activity, it was used to investigate a new sugar substitute. Our previous research on neoculin suggested that it is desirable to obtain neoculin efficiently to cultivate C. latifolia plants at home to have the freshest fruit possible. Although recombinant neoculin was successfully produced by Escherichia coli (Kurimoto et al., 2007; Suzuki et al., 2004) and by Aspergillus oryzae , these methods are not suitable to obtain a sufficient quantity of neoculin for commercial use. We reported previously that the content of neoculin in a fruit from a cultivated plant was 1-3 mg, which corresponds to 0.1% of fresh weight . Accordingly, it is important to investigate the mechanism for fruit setting of C. latifolia in order to obtain neoculin efficiently.
Although the chemical properties of neoculin have been well investigated (Barre et al., 1997; Harada et al., 1994; Shimizu-Ibuka et al., 2006 , the biology of C. latifolia, which produces neoculin, is obscure. C. latifolia is distributed in Malaysia, Indonesia, and Thailand, and it is common for residents of these areas to use the rhizomes as medicine and the fibers for a rope (Burkill, 1966; Perry, 1895) . When we attempted to cultivate these plantlets in a greenhouse, C. latifolia could be cultivated easily, and had many flowers and made many daughter plants by stolons; however, no fruits were set by open pollination.
Since it is presumed that C. latifolia is pollinated by 355 insects such as bees in its original habitat (Kocyan and Endress, 2001) , hand pollination is required in greenhouse cultivation. According to Backer and Backhuizen van den Brink Jr. (1968) , the flowers in the lower position of a single inflorescence are hermaphrodite and those in higher positions are male. This suggests that not all flowers in an inflorescence can set fruits. In order to always obtain many fruits efficiently, we investigated the conditions of fertilized flowers, such as the flowering phase and the morphological differences between hermaphrodite and male flowers, in detail. Furthermore, we studied the compatibility of C. latifolia because self-incompatibility seemed to influence the results of the hand-pollination study.
Materials and Methods
Plant materials Curculigo latifolia plants were collected in Malaysia and provided by the Experimental Stations for Medicinal Plants in Tsukuba, Japan. We received three plants and have cultivated them in our greenhouse in Kyoto, Japan since 1996. Because we had propagated them by dividing randomly until 2001, it is not clear which of the three plants are the same clones. Each plant was cultivated in a 10.7 L plastic pot with a diameter of 30 cm and a height of 50 cm containing mixed soil of "Akadama" soil, "Hyuga" soil, "Kiryu" sand, leaf mould, and "Tsuchitaro" (Sumirin-nosan, Tobishima, Japan) (2 : 1 : 2 : 1 : 2). All daughter plants were removed. The lowest temperature was kept at more than 20°C with electric heaters in the cold season (September to June). Watering was sufficient and fertilizes was given once a week with 1 L of 1 : 1000 diluted solution of commercial liquid fertilizer (N : P : K = 6 : 10 : 5) to each plant.
Yearly flower numbers in greenhouse
In 2006, we counted weekly the bloomed flowers of the three plants, respectively, and calculated the averaged number of bloomed flowers per plant. An electric heater in the greenhouse was used from January 1 to June 27 and from September 29 to December 31. The logger recorded temperatures in the greenhouse every ten minutes. We recorded mean lowest temperatures, average temperatures and highest temperatures every week.
Size of pistil and stamen
Nine plants of Curculigo latifolia were used. Flowers were collected from an inflorescence from 8 to 10 o'clock every day. For flower collection, nine inflorescences from seven plants and 16 inflorescences from three plants were collected from May to December 2003 and from April 2004 to January 2005, respectively. Overall, 25 inflorescences from 9 plants were used. Pistils and stamina were removed from flowers and their lengths were measured (Fig. 3a) . The length of the longest stamen, the length of a pistil, and the width of a stigma were measured. The pistils and stamina were measured without straightening their curves.
Flower number
The number of flowers was recorded to determine the maximum number of flowers that bloomed in a day. We counted the number of flowers in 16 inflorescences from 3 plants in 2004. The first day is defined as the day when the first flower in each inflorescence bloomed.
Compatibility
For the hand-pollination study, flowers from 12 plants were chosen from July to October 2003 for both crossand self-pollination studies. Only the cross-pollination study was continued after October 2003 to December 2004. Overall, 15 plants were used for this study. Hand pollination was carried out using anthers which had been removed from stamina with a pincette and by wiping them over a stigma. Flowers for the self-pollination study and for the cross-pollination study were chosen, respectively, from each inflorescence. Pollen grains for cross-pollination were selected from the stamina of flowers of other plants and those for self-pollination were from the same flower. Fruits were counted in each inflorescence after their maturation.
Results and Discussion
A whole plant of Curculigo latifolia was 70-80 cm in height and 70-80 cm in diameter ( Fig. 1a ). One plant of C. latifolia had about 10 leaves. The length and breadth of the leaf blade were 60-70 cm and 20 cm, respectively. A petiole was 20-30 cm long. The plant resembled palm grass (C. capitulata), which is cultivated as an ornamental plant in tropical gardens and greenhouses in Japan. Generally, C. latifolia has smaller and wider leaves than those of palm grass; however, it is difficult to distinguish between species without observing their inflorescences because the plant sizes vary with their environmental conditions. An inflorescence of both species arises from the basal part of leaves ( Fig. 1b) and an inflorescence accompanies each leaf; however, the peduncles of C. latifolia are very short, although those of palm grass are 10-20 cm in length. Inflorescences of C. latifolia seem to grow directly from the base of a plant. The inflorescence of C. latifolia is racemose. Flowers open only once at dawn and close by noon. One inflorescence has about 120 flowers. Several flowers bloom in a day and it takes about 100 days for all flowers of an inflorescence to bloom (results of an average of 3 plants). Around 10 inflorescences arise in a year per plant. A flower in an inflorescence is composed of one pistil with one stigma, six stamina, and six petals.
C. latifolia propagates both by stolons and by seeds. Because stolons do not elongate greatly and seeds do not spread far, C. latifolia forms a large community.
Yearly flower number in greenhouse
Flowers of Curculigo latifolia bloomed all year round in the greenhouse (Fig. 2) . Figure 2 shows that the number of flowers per plant was affected by the daily lowest temperature. Room temperature under 20°C may inhibit the blooming of many flowers, indicating that it is preferable to keep C. latifolia at over 20°C for blooming in Japan.
Size of pistil and stamen
The flowers begin to bloom gradually from the basal to upper parts of an inflorescence over time. Sizes of pistil in a flower depended on the position in an inflorescence (Fig. 3b, c) . Flowers which bloomed at a lower position of an inflorescence had longer pistils than Daily lowest temperature (▲) and flower number (◇) of a plant, which were averaged weekly. stamina. Such a flower was named a long-styled flower (LSF). On the other hand, flowers which bloomed later at a higher position of an inflorescence had shorter pistils than stamina, and was named a short-styled flower (SSF). Figure 3b shows that a marked change from LSF to SSF occurs about 20 days after the first blooming in an inflorescence on average, although the pistil sizes were decreasing slightly in the respective periods of LSF and SSF. We recorded the flowering periods and number of flowers of all flowers and LSFs, respectively (Table 1) . Both the flowering periods and the number of flowers varied by plant, by the timing of flowering, that is, they varied by inflorescence. Table 1 shows that the shortest period of LSF was 7 days in 25 inflorescences after the first blooming in a relevant inflorescence. On the other hand, the longest period of LSF was 44 days after the first blooming (Table 1) . A decrease of stigma width was observed to follow quickly after the decrease of pistil length when LSF changed to SSF. However, exceptionally, in 2 out of 25 inflorescences observed, the length of pistils was not decreased. The length of their pistils increased again after changing from LSF to SSF. Even in these rare cases, the width of the stigma remained small. As a result of these observations, the change from LSF to SSF in C. latifolia was usually accompanied by a decrease of both the length of the pistil and width of the stigma.
The length of the stamen tendend to decrease depending on the position of the flowers, but its change was small and constant through out LSF and SSF. An inflorescence had 26.6 LSFs on an average of 25 inflorescences from 15 plants, which corresponds to 22% of total flowers in an inflorescence (Table 1) . Other flowers in an inflorescence were SSFs, i.e. morphologically male flowers. This corresponded to the description of Backer and Bakhuizen van den Brink Jr. (1968) . The number of flowers in a day begins to increase from the 6th to 25th day after the first blooming in an inflorescence, and thereafter decreases continuously (Fig. 4) . The maximum number of LSFs bloomed from the 11th to 15th day after the first blooming and 1.3 flowers bloomed in a day on average in this period; however, the number of SSFs peaked around the 31st to 35th day after the first blooming and 1.2 flowers bloomed in a day on average. The first SSF arose on the 8th day in the shortest case. The number of SSFs increased and all flowers became short-styled from 46 days after the first blooming.
Temporal differences in the function of male and female organs are a common feature of monoecious and andromonoecious taxa (Traveset, 1999) . Although a young inflorescence had hermaphrodite flowers (LSFs) mainly, male flowers (SSFs) increased along with the development of the inflorescence; however, a whole plant can have inflorescences with hermaphrodite and male flowers at the same time. Many staminate flowers in andromonoecious Pseudocymopterus montanus functioned as pollen donors (Schlessman et al., 2004) . Furthermore, other authors have suggested that male flowers function to attract pollinators (Anderson and Symon, 1989; Podolsky, 1993) . It is presumed that C. latifolia is pollinated by insects, that is, entomophilous (Kocyan and Endress, 2001) . C. latifolia can attract many pollinators by having many inflorescences with male flowers by the male floral display, and distribute pollen to hermaphrodite flowers.
Compatibility in cross-and self-pollination
As a result of the hand-pollinating study, the rate of fruit setting of C. latifolia by cross-pollination was 45% (172 fruits from 382 cross-pollinated flowers out of 15 plants from July to October 2003). On the other hand, the setting rate by self-pollination was 4% (12 fruits from 301 self-pollinated flowers out of 12 plants). It is shown that the setting rate of cross-pollination was more than ten times higher than with self-pollination. Furthermore, the seed numbers in a fruit were 36.0 ± 2.1 (n = 77 out of 172 fruits) by cross-pollination and 17.2 ± 6.3 (n = 12 out of 12 fruits) by self-pollination, so seeds from self-pollination were significantly fewer (t-test, P < 0.01) than from cross-pollination. This observation suggested that C. latifolia is a self-incompatibility plant.
The used plants were divided randomly from three original plants; therefore, it was thought that selfincompatibility occurs between a mother and daughter plants of the same clone. Even if pollen grains are selected randomly, some portion of pollen grains may originate from the same clone as the pollinated pistil. In this case, it is difficult to set any fruits. It is expected that the setting rate of fruits would be more than 45% by selecting an appropriate pollen donor.
Stage of obtaining fruits
We continued the cross-pollination study until December 2004, and pollinated 1622 long-styled flowers from 144 inflorescences of 15 plants. Figure 5 shows these results, which indicated that the setting rate was highest on the 5th day after first flowering. The setting rate from flowers that bloomed decreased thereafter with time after the first blooming in an inflorescence. Therefore, many fruits were obtained by the 15th day when an inflorescence had many blooming flowers and a high setting rate. The number of fruits obtained from the flowers after the 15th day fell continuously because both the number of flowers and the setting rate kept decreasing; however, some fruits could be set through out the period of LSFs.
Because the density of neoculin in a fruit was constant regardless of fruit size , it is important to grow larger fruit to obtain neoculin. The observation in this article suggested that it is critical to choose hermaphrodite flowers (long-styled flowers) with high fruit setting rates in the early stage of an inflorescence and to select optimal pollen donor plants for cross-pollination to obtain many fruits of Curculigo latifolia efficiently.
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